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Abstract: We used recent satellite imagery to quantify the extent, type, and rate of conversion of remaining 
indigenous grasslands in the inland eastern South Island of New Zealand in recent years. We describe the pattern 
of conversion in relation to national classifications of land use capability and land environments, and ecological 
and administrative districts and regions. We show that although large areas of indigenous grasslands remain, 
grassland loss has been ongoing. Indigenous grassland was reduced in the study area by 3% (70 200 ha) between 
1990 and 2008. Almost two-thirds of post-1990 conversion occurred in threatened environments with less than 
30% of indigenous cover remaining, primarily in the Waitaki, Mackenzie and Central Otago administrative 
districts. This conversion occurred primarily on non-arable land. In the Mackenzie and Waitaki districts the rate 
of conversion in 2001–2008 was approximately twice that in 1990–2001. Opportunities to protect more of the 
full range of indigenous grasslands lie with the continuing tenure review process in these districts.
Keywords: land tenure; loss of indigenous habitat; rate of habitat loss; remote sensing
Introduction
Most of the world’s indigenous grasslands have been converted 
for agricultural activities (Groombridge 1992). Areas with 
better soils and more frequent rainfall have been mostly 
cleared for crops, while poorer quality grasslands have been 
left for rearing stock (Suttie et al. 2005). Globally there is 
limited information on the rate, type, and amount of change 
that is occurring in grassland ecosystems (Pearson & Ison 
1997; White et al. 2000) and New Zealand is no exception. 
Without fundamental information on trends occurring in 
grasslands, researchers are unable to assess potential effects 
of land conversion on habitat and their associated biodiversity 
and ecosystem services, and policymakers lack the evidence 
needed to inform sound policy formation (Gluckman 2011).
With European settlement since the early 19th century, 
more than 60% of all New Zealand’s indigenous habitats 
have been converted for agriculture and forestry (McGlone 
2001). In the past the most threatened ecosystems have been 
considered to be lowland forests, coastal dunes and wetlands 
(Stevens et al. 1988; Ogden et al. 1998; Leathwick 2001; 
McGlone 2001), but remaining indigenous grasslands are also 
under threat from expansion of intensive agricultural land uses 
(Ewers et al. 2006; Walker et al. 2006).
Over 95% of New Zealand’s remaining indigenous 
grasslands are located in the South Island. These indigenous 
tussock grasslands have a partially human induced origin and 
provide a range of important ecosystem services, i.e. water 
regulation and soil formation, including significant cultural 
value, to New Zealanders (McAlpine & Wotton 2009). Most 
of the lowland and montane regions of tussock grassland were 
created by burning and clearing of forest and shrubland by 
Māori c. 700–800 years BP, for hunting moa and encouraging 
the growth of bracken fern (Pteridium esculentum) (Stevens 
et al. 1988; Ewers et al. 2006; McWethy et al. 2010). Initially 
the short-tussock grasses (Festuca and Poa species) dominated, 
but within about 200 years were replaced by taller large 
Chionochloa species (McGlone 2001).
Mark and McLennan (2005) assessed the loss of 
New Zealand’s indigenous grasslands since European 
settlement, comparing the pre-European extent of five major 
tussock grassland types against their current extent, using 
New Zealand Land Cover Database 1 (LCDB1; Thompson et al. 
2003). They estimated that in 1840 (the beginning of formal 
European settlement) 31% of New Zealand was covered by 
indigenous grasslands dominated by endemic tussock-grass 
species, but that just 44% of this area remained in 2002, mainly 
in the interior areas of the South Island. Of this remaining 
area, approximately 28% had statutory protection with a bias 
towards the high-alpine areas. Mark and McLennan (2005) 
noted that remaining subalpine grassland communities still 
persisted but were severely degraded or modified, and very 
poorly protected.
With the release of New Zealand Land Cover Database 1 
(1996/97) and 2 (2001/02) (LCDB1 & LCDB2; Thompson et al. 
2003) New Zealand’s more recent land cover change could be 
detected. However, though the automatic detection technology 
used to produce LCDB2 provided reliable estimates of change 
in woody vegetation, it was not informative for non-woody 
vegetation change. Identifying change in herbaceous vegetation 
is difficult because of temporal variability in soil moisture that 
has a greater effect than on woody vegetation (Dymond et al. 
2006). Consequently, estimates of areas and rates of change in 
grasslands derived from comparisons of LCDB1 and LCDB2 
are conservative and misleading (Walker et al. 2006).
Informal observations and limited quantitative data suggest 
that the conversion (land-use change) of New Zealand’s 
indigenous grasslands in the South Island is proceeding rapidly. 
In addition, a process of reform of leasehold government land 
(colloquially called tenure review) has led to the division 
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of substantial areas of former government-owned land into 
separate private ownership (Brower 2008; Walker et al. 2008; 
Mark et al. 2009). On land transferred to private ownership, 
reduced legislative constraints on vegetation clearance and 
reduced property size (Brower 2008) may be accelerating 
habitat loss for indigenous grassland species.
Aerial photography and satellite imagery provide 
appropriate data for monitoring conversion of land cover 
at regional or national scales. In recent years, substantial 
improvements in standardisation, illumination, and viewing 
geometry processing (Dymond & Shepherd 2004) – and in 
the spatial resolution of remote images – have significantly 
improved the ability to detect changes in grassland cover. 
Furthermore, in New Zealand, SPOT-5 imagery taken during 
the summer of 2007/08 provides a basis for updating land cover 
estimates based on Landsat images taken in the summers of 
1989/90 and 2000/01. Here, we use these data to quantify the 
extent of conversion of indigenous grassland habitat between 
1990 and 2008, and estimate the current (2008) extent of 
remaining indigenous grassland cover, and compare the rate of 
past (1840–1990) and recent (1990–2008) conversion in inland 
eastern South Island. We also describe the types and patterns of 
conversion that have resulted in loss of habitat for indigenous 
species in relation to land-use capability, administrative and 
ecological districts, and past loss and current protection for 
indigenous habitats in land environments.
Methods
Study area
To delineate objectively a study area that covers most of 
the indigenous grasslands in the South Island, we created 
a median reflectance image using SPOT-4 VEGETATION 
sensor satellite imagery, which provided daily coverage of 
the study area at 1-km resolution between 1990 and 2003. 
Spectral reflectance at each pixel was ranked from highest 
to lowest and the median-value pixel extracted. Median 
reflectance was preferred to mean to eliminate the effects of 
cloud coverage, which skews the average reflectance. Using 
ERDAS Imagine 9.1 (Leica Geosystems Geospatial Imaging 
2003) the study area was then specified by selecting a GPS 
point of indigenous grassland from ground truth (field) data 
collected during the summer of 2007/08. From this point, all 
pixels with a median spectral Euclidean distance within 0.7 (7% 
spectral variation), and that were considered contiguous, were 
accepted. The 4.3-million-hectare study area encompasses the 
largest continuous extent of indigenous grasslands remaining 
in the South Island (Fig. 1). 
Data pre-processing for detection of conversion
We used three sets of satellite images: Landsat images taken 
in the summers of 1989/90 (TM), and 2000/01 (ETM+), and 
Figure 1. Study area (within red border) 
and distribution of ground field checks (250 
location-specific photographs, +) made during 
the summer of 2009 (overlaid onto the median 
reflectance image created using VEGETATION 
sensor imagery (1990–2003) from SPOT-4 
(bands 3, 4 and 2 mapped to red, green, and 
blue).
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SPOT-5 imagery taken during the summer of 2007/08. The 
Landsat  imagery was orthorectified and standardised for 
reflectance using methods described by Shepherd and Dymond 
(2003). ERDAS Imagine 9.1 was used to geometrically 
correct the raw SPOT-5 digital imagery. All three images were 
orthorectified to the New Zealand Map Grid using the SPOT-5 
orbital pushbroom model and 15-m digital elevation model 
(DEM; Barringer et al. 2002, Shepherd & Dymond 2003). The 
standardised spectral reflectance was calculated assuming a 
nadir-viewing satellite sensor, and a 50-degree sun elevation. 
The 6S code was used to model irradiance and transmission 
of light through the atmosphere, and the WAKII model 
(Dymond et al. 2001) was used to describe and standardise 
the directional reflectance properties of the land cover and 
terrain. The standardised reflectance of the SPOT-5 imagery 
(bands 1, 2, 3, and 4) of invariant targets after application of 
cross-sensor response function calibration agreed with the 
standardised reflectance from 2001 ETM+ imagery (bands 
2, 3, 4 and 5) to within ±0.01 or within 6% of the reflectance 
for slope angles up to 45 degrees (excluding sun incidence 
angles less than 5 degrees).
Mapping of conversion
We mapped grassland conversion within our study area for 
three periods: 1840–1990, 1990–2001, and 2001–2008. To map 
conversion from 1840 to 1990 we used the Mark & McLennan 
(2005) estimate of the extent of indigenous grasslands in 1840, 
and compared it with the 1990 extent of remaining indigenous 
grasslands. The 1990 indigenous grassland extent layer was 
estimated by combining the polygons of grasslands from the 
New Zealand Land Resource Information (NZLRI; Newsome 
et al. 2000) vector layer and the woody vegetation from EcoSat 
1990 vector layer (Dymond & Shepherd 2004), and checking 
each polygon against the existing 1990 satellite imagery. Once 
the basic land cover map was corrected for digitising errors 
it was aggregated into a land cover classification system 
described in Appendix 1.
Conversion from 1990 to 2001 and from 2001 to 2008 was 
mapped using the three sets of satellite images. All conversion 
from an indigenous grassland cover type (as defined by the 
1990 land cover map) to a non-indigenous cover type was 
manually digitised at 10-m resolution using the following band 
combination: Landsat (band-4, band-5, band-3) and for SPOT-5 
(XS3, SWIR, XS2), which provided for best distinction between 
indigenous grassland cover and non-indigenous cover. For the 
purpose of this study we considered ‘indigenous grasslands’ to 
comprise a wide variety of low-productivity tussock grasslands 
and seral shrublands, in various states of modification, that 
retained indigenous plant species. These vegetation types 
are extensively managed (mainly for pastoral grazing), are 
characteristically brown or grey-coloured, and in our selected 
band combination are visualised as pale green-blue, because of 
the high reflectance of the red and medium-infrared bands. We 
mapped the conversion from indigenous cover to six land-use 
classes: planted forest, invasive exotic (wilding) trees, exotic 
pasture, cropland, settlement, and open-pit mining (Appendix 
2). High-productivity ‘exotic pasture’ is readily distinguished 
from lower-productivity ‘indigenous grassland’ based on its 
orange-red colour (due to the high reflectance of bright green 
exotic grass and clover species, such as rye grass, white clover 
and red clover in the near-infrared band).
To map conversion (changes in land use) we used multiple 
sources of evidence, including information from satellite 
images, photographs, land-use databases, local knowledge, 
and field inspection. Satellite imagery was the primary source 
used for interpretation but was supplemented with existing 
land cover information, including aerial photography supplied 
by Terralink International (Wellington, New Zealand). The 
process used multiple (up to 6) ERDAS Imagine viewers, each 
containing one of the three dates of satellite imagery, the 1990 
indigenous grassland cover map, and aerial photographs. Each 
polygon of change was digitised on top of the satellite imagery, 
using the area of interest (aoi) tool in ERDAS Imagine, and 
all polygons were converted to a single vector layer. The area 
of conversion during each period for each conversion type 
was then calculated.
Ground truthing (i.e. visual field inspection) was used both 
to train an operator before the mapping process and then to 
confirm conversion between 1990 and 2008. For training, an 
operator recorded 250 different GPS points of land-use/cover 
in the field. At each GPS point photographs were taken, the 
land-cover/use was recorded, and the corresponding visualised 
spectral signature was identified in the satellite imagery. 
A laptop computer was connected to a GPS unit allowing 
for continuous tracking of the current position against the 
background of the satellite image. This was achieved using 
ArcView software, the Digital Topographic Database (Land 
Information New Zealand) and GPS Utility (GPS Utility, 
UK) software.
The process of confirming conversion involved (1) operator 
investigation of each of the 375 conversion polygons in the 
field and (2) systematically traversing approximately 10 000 
km of no-conversion from the ground and in the air, throughout 
the study area (Fig. 1). During the ground-truthing process we 
identified both errors of commission (conversion identified in 
the satellite imagery not in fact present on the ground) and errors 
of omission (conversion observed on the ground not correctly 
captured from the satellite imagery). Panoramic photographs 
were taken from the ground and oblique or vertical photos from 
the air. The aerial photographs were taken at 2000 m above 
sea level. In total these amounted to c. 500 location-specific 
photographs of different examples of conversion (Appendix 
3). All mapping errors were corrected on returning from the 
field confirmation exercise.
Accuracy assessment
Once the final map of conversion from 1990 to 2008 was 
completed, the mapping accuracy of an operator was assessed 
using a purpose-built software package designed to manage 
on-screen ERDAS Imagine viewer content and enable a 
rapid pixel-by-pixel assessment (J.D. Shepherd, unpublished 
software application). Five hundred points were randomly 
sampled in areas mapped as ‘conversion’ and 2000 points in 
areas mapped as ‘no-conversion’. A second operator assessed 
whether conversion was correctly or incorrectly identified in 
order to produce a confusion matrix (Congalton 1991). From 
the confusion matrix we estimated the mapping accuracy 
of ‘conversion’, ‘no-conversion’ and overall classification 
accuracy. From the confusion matrix we also estimated the 
uncertainty of the change area using the method described 
by Dymond et al. (2008), which considers the relative area 
of ‘change’ and ‘no change’.
Mapping accuracy and uncertainty were not statistically 
measured for the 1840–1990 map because this was a 
combination of previously created maps, i.e. the 1840 grassland 
estimate of Mark & McLennan (2005), the NZLRI (Newsome 
et al. 2000), and EcoSat 1990 (Dymond & Shepherd 2004).
130 New Zealand Journal of Ecology, Vol. 37, No. 1, 2013
Rates of conversion
For each time period we estimated an average rate of conversion 
(following Liu et al. 1993). The rate of conversion, or loss, 
per year (r) was calculated as an average conversion for each 
period, using the formula: 
where A0 = area at time t0, and A1= area at time t1. This measure 
makes no assumptions about a loss model.
Analysis of patterns of conversion
As the basis for describing patterns of grassland conversion, 
we used a combinatorial analysis of datasets, run in GIS using 
the ArcSampling program developed by Landcare Research. 
The digitised vector layer of conversion was converted to 
a 25-m raster layer and was combined with a Land Use 
Capability (LUC) layer from the New Zealand Land Resource 
Inventory (NZLRI; Newsome et al. 2000), and layers from 
Land Environments of New Zealand (LENZ; Leathwick et al. 
2003), the Threatened Environment Classification of Walker 
et al. (2006; Appendix 4), Protected Areas of New Zealand 
(PANZ), Crown-owned leased land), administrative regions 
and districts, and ecological districts (McEwen 1987). The 
ArcSampling program created a raster layer of all unique 
combinations of input classes, and tabulated the area of 
each unique combination for import into Microsoft Access. 
Microsoft Access and Microsoft Excel (2007) were used for 
subsequent calculations and tabulations.
Results
Conversion between 1990 and 2008
Within the study area, 70 200 (±5000) ha of indigenous 
grasslands were converted between 1990 and 2008 (Table 
1, Fig. 2). Of this, c. 50 500 ha (71%) were converted for 
agriculture: 47 600 ha for pasture and 2900 ha for cropland. 
The remaining area was converted for afforestation (17 650 
ha), mining (1900 ha) and urban development (150 ha). Though 
most of the afforestation was from planted trees (15 900 ha), 
some resulted from the spreading of wilding exotic trees 
(1750 ha).We estimate that our operator mapping accuracy 
was 97.4% (487/500) for conversion and 99.8% (1997/2000) 
for no-conversion. The uncertainty of our change estimates 
are ±7.5%, determined using the method of Dymond et al. 
(2008). Given this level of uncertainty, we generally report 
conversion areas only to the nearest 100 ha, except for small 
areas and rates of conversion where the 7.5% uncertainty 
becomes absolutely small.
𝑟𝑟 ൌ
ሺ𝐴𝐴Ͳ−𝐴𝐴ͳሻ
ሺ𝑡𝑡Ͳ−𝑡𝑡ͳሻ
,
Table 1. Areas (ha) of indigenous grassland conversion by land-use type in two periods between 1990 and 2008 (see 
Appendix 1 for land cover associations for these cover types).
__________________________________________________________________________________________________________________________________________________________________
 Afforestation  Agriculture  Barren land  Total
 
 Planted Wildling Pasture Cropland Mining Urban 
__________________________________________________________________________________________________________________________________________________________________
1990–2001 9700 1350 23 000 2300 1700 50 38 100
2001–2008 6200 400 24 600 600 200 100 32 100
Total 15 900 1750 47 600 2900 1900 150 70 200
__________________________________________________________________________________________________________________________________________________________________
Figure 2. Grassland conversion recorded in three time periods. 
Light grey background represents areas not converted.
There were some differences between the types of changes 
during the two periods. In the 11 years from 1990 to 2001, 
agriculture (25 300 ha), followed by afforestation (11 050 ha), 
accounted for most of the 38 100 ha of indigenous grasslands 
converted to a non-indigenous cover type, and mining converted 
a further 1700 ha. Very little grassland conversion for urban 
development (50 ha) was detected. 
There was less (32 100 ha) change in total in the shorter 
period (7 years) from 2001 to 2008. During this time, 25 200 ha 
of grassland were converted for agriculture, almost as much as 
in the preceding 11 years. More land was converted for urban 
development (100 ha), and less land to afforestation (6600 ha) 
and for mining (200 ha), than in the preceding period.
These results show a particularly marked (67%) increase in 
the average annual rate of conversion of indigenous grassland 
to exotic pasture, from 2100 ha year–1 between 1990 and 2001 
(11 years), to 3500 ha year–1 in the period 2001–2008 (7 years). 
The rate of conversion for exotic plantation forestry (the second 
largest cause of grassland conversion) remained steady at 
around 880 ha year–1 over both periods, while average annual 
afforestation, cropland agricultural, and mining conversion 
rates decreased markedly in the second period.
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Remaining indigenous grasslands
The dataset adapted from Mark & McLennan (2005) shows 
that in 1840 there were 3.31 million hectares of indigenous 
grasslands within our study area. We estimated that by 1990, 
30.5% of these grasslands had been converted to a non-
indigenous cover type (Table 2). The remaining 2.31 million 
hectares of indigenous grasslands provided a baseline for 
detecting grassland conversion between 1990 and 2008.
Indigenous grassland cover within the study area has 
continued to decline since 1990. Between 1990 and 2001, 
38 100 ha of indigenous grassland were converted to a non- 
indigenous cover type. An additional 32 100 ha were converted 
between 2001 and 2008. By 2008, 3.2% (±0.2%) of the 1990 
indigenous cover was converted, leaving 2.24 million ha of 
indigenous grasslands within the study area (Table 2, Fig. 3).
Rates of conversion
Between 1990 and 2001 the rate of grassland conversion was 
3500 ha year–1 on average. This increased to 4600 ha year–1 
Figure 3. Original extent 
of indigenous grasslands 
in 1840 (adapted from 
Mark & McLennan 2005) 
and extent remaining 
in 2008. The black line 
indicates our study area.
between 2001 and 2008. This rate of conversion is lower 
than the 6700 ha year–1 on average between 1840 and 1990. 
In contrast, for the percentage loss of remaining grassland, 
the rate of conversion between 2001 and 2008 at 0.21% per 
year was larger than the 0.15% per year for 1990–2001 and 
the 0.20% for 1840–1990. However, there is considerable 
uncertainty associated with the 1840–1990 changes as the 
1840 baseline is historical and must be uncertain, so there is 
probably no significant difference between the 1840–1990 
and 2001–2008 estimates.
Administrative regions and districts
Most grassland conversion from 1990 to 2008 (65 590 ha) was 
concentrated in Canterbury and Otago administrative regions. 
Marlborough and Southland made up a small portion (<5%) 
of the study area, and less than 2% of grassland conversion 
was recorded in these regions.
Grassland conversion took place in 13 different districts 
(Table 3). Two-thirds of recorded conversion of indigenous 
Table 2. Indigenous grasslands in 1840 (adapted from Mark & McLennan 2005) and extent remaining in 1990, 2001 and 
2008, with total and percentage loss in the preceding time period. The total hectares and percentage loss since 1840 are 
shown in the last row. Estimate uncertainties were determined using the method of Dymond et al. (2008).
_________________________________________________________________________________________________
Year Grasslands remaining Loss in preceding Percentage loss 
 (million hectares) time period (ha) in preceding period
__________________________________________________________________________________________________________________________________________________________________
1840 3.31 - -
1990 2.31 1 001 300 30.5
2001 2.27 38 100 (±3000) 1.7 (±0.12)
2008 2.24 32 100 (±2500) 1.5 (±0.11)
Total loss  1 082 500 33.6
__________________________________________________________________________________________________________________________________________________________________
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grassland from 1990 to 2008 occurred in the Mackenzie (11 
400 ha), Waitaki (22 300 ha), and Central Otago (15 800 ha) 
districts. More than half (56%) of recent conversion was on 
land classified as non-arable with moderate (LUC 6) to extreme 
limitations (LUC 8) to crop, pasture and forestry growth; we 
recorded 7500 ha, 13 500 ha, and 12 000 ha of non-arable 
land conversion in Mackenzie, Waitaki, and Central Otago 
districts respectively. These same districts showed marked 
increases in the percentage of total conversion on non-arable 
land between the pre- and post-1990 periods. Central Otago 
showed the greatest increase in percentage of total conversion 
of non-arable land from 1840 to 1990 compared to 1990–2008. 
Here there was a 50% increase in conversion of non-arable 
land from 1990 to 2008.
The Mackenzie and Waitaki districts (both within the 
Canterbury Region) also showed recent increases in the rate of 
conversion per year (Table 3), which approximately doubled 
during the second period (2001–2008). Although the rate of 
conversion per year increased in most districts in the second 
period (2001–2008), in Central Otago, Queenstown, Clutha 
and Marlborough districts there was a decrease. 
The administrative districts with the largest extent of 
remaining grassland in 2008 were Mackenzie (299 800 ha), 
Waitaki (259 500 ha), and Central Otago (635 200 ha) (Table 
3). These districts also had the most remaining grasslands 
under lease from the Crown in 2008 (166 800 ha in Mackenzie, 
107 800 ha in Waitaki, and 265 200 in Central Otago), and the 
largest areas under protection (40 700 ha in Mackenzie, 43 
100 ha in Waitaki, and 55 400 ha in Central Otago). Districts 
with the least remaining grasslands in 2008 were Selwyn (43 
200 ha), Waimakariri (19 800 ha) and Clutha (23 200 ha), 
which also had <35% of their remaining grasslands protected.
Ecological districts
The study area includes parts of 11 ecological districts (ED; 
McEwen 1987) and all of the Mackenzie, Waitaki and Central 
Otago EDs (Table 4). All EDs showed a decrease in the 
remaining area of indigenous grasslands since 1840. Most 
EDs showed an increase in the rate of conversion from 2001 
to 2008 compared with 1990–2001, but in Central Otago, but 
in Central Otago and the Lakes EDs the rate of conversion 
decreased (Table 4). Central Otago (363 900 ha), Pareora 
(214 000 ha), Lammerlaw (137 600 ha) and Mackenzie (125 
400 ha) EDs had the greatest total area converted since 1840. 
The greatest recent increase in loss of remaining indigenous 
grasslands was in Mackenzie ED, where 11 900 ha were 
converted from 1990 to 2001, and 15 200 ha from 2001 to 
2008. Large increases in areas converted were also seen in 
the Lowry, Puketeraki and Canterbury Foothills EDs, where 
the area of conversion more than doubled.
Threatened Environments and protection status
Three-quarters of total indigenous grassland conversion from 
1840 to 2008 has occurred in environments that are mapped in 
the threatened environment classification (Walker et al. 2006) 
as having less than 30% of indigenous cover remaining (Fig. 
4). The largest total area of historical grassland conversion 
(409 100 ha) was in ‘Acutely Threatened’ environments 
(those with <10% indigenous cover left; Walker et al. 2006). 
The second largest area (238 300 ha) was in ‘Chronically 
Threatened’ (10–20% of indigenous cover remaining), followed 
by ‘At Risk’ environments (those with 20–30% indigenous 
cover remaining). About 10% of grasslands found in ‘Acutely 
Threatened’ environments in 1840 remained in 2008 and 
38% of those formerly present in ‘Chronically Threatened’ 
environments remained.
Environments with the smallest proportions of 
indigenous grasslands remaining were also those most prone 
to conversion in the last two decades (Fig. 4). In ‘Acutely 
Threatened’ environments, 20 700 ha of grasslands were 
converted between 1990 and 2008; 22 200 ha were converted 
in ‘Chronically Threatened’ environments, and 16 400 ha of 
‘At Risk’ environments in this period. Rates of grassland loss 
(from 1990 to 2008, expressed as a proportion of grasslands 
Table 4. Remaining area (ha), rate of conversion (ha year–1) and area of conversion (ha) of indigenous grassland in each 
ecological district (McEwen 1987) within the study area.
__________________________________________________________________________________________________________________________________________________________________
 Remaining area (ha) Rate of conversion Area of conversion  
  (ha year–1) (ha) 
Ecological District 1840 1990 2001 2008 1990– 2001– 1990– 1840- 1990– 2001– 
     2001 2008 2008 1990 2001 2008 Total
__________________________________________________________________________________________________________________________________________________________________
Clarence 76 900 44 900 44 900 44 600 0.5 39 16 30 000 5 270 31 300
Lowry 7000 1450 1450 410 1 140 60 5600 10 1000 6600
Puketeraki 109 000 60 600 60 300 59 100 26 185 90 50 400 290 1300 50 000
Canterbury Foothills 74 500 34 400 34 300 31 000 8 470 190 40 200 90 3300 43 500
Heron 221 400 133 800 133 700 133 100 14 79 40 87 600 150 550 88 300
Tasman 39 900 28 500 28 500 28 500 0.5 2 1 11 400 3 15 11 400
Pareora 324 300 110 700 110 500 110 300 16 30 20 213 600 180 220 214 000
Mackenzie 429 000 330 700 318 800 303 700 1080 2200 1500 98 300 11 900 15 200 125 400
Waitaki 234 900 178 100 177 900 177 000 20 130 60 56 800 220 900 57 900
Lakes 225 200 176 600 175 400 175 300 140 13 70 48 600 1550 90 50 300
Central Otago 959 200 611 600 602 000 595 300 960 800 900 347 600 10 600 5700 363 900
Lammerlaw 271 200 147 500 140 000 133 600 690 900 770 123 700 7600 6300 137 600
Mavora 32 200 26 200 26 200 26 100 0.5 7 3 6000 5 50 6100
Waikaia 117 700 82 600 82 600 82 600 0.5 6 3 35 000 5 40 35 100__________________________________________________________________________________________________________________
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remaining in 1990) decreased markedly from the most to 
the least threatened environment classes. Only a very small 
proportion (1.4%) of the grassland conversion was within 
land environments with >30% indigenous cover remaining 
and more than 10% of their land area formerly protected for 
conservation (the Underprotected and Less Reduced and Better 
Protected categories of Walker et al. (2006)).
Discussion
Quantifying grassland conversion 
A critical step in managing ecosystems is to take stock of 
their extent, condition, and capacity to continue to provide 
natural services. Our analysis quantifies the extent to which 
recent changes in land-use activities have further reduced and 
fragmented indigenous grasslands within inland eastern South 
Island, and how the pattern of land conversion has changed.
Grasslands in lowland environments that were most 
suitable for production were the first to be converted by 
European settlers: by 1990, non-indigenous vegetation had 
replaced most of the 1840 ‘baseline’ indigenous grasslands 
mapped by Mark and McLennan (2005) on the Southland, 
Canterbury and coastal Marlborough plains, and in inland 
North Canterbury (Fig. 3). In 1990 the largest continuous 
extent of indigenous grasslands in 1990 remained within a 
4.3-million-hectare area of inland South Island, which we 
used as our study area to assess recent change.
We show that although large areas of indigenous grasslands 
remain within this study area, grassland loss has been ongoing. 
About one-third (34%) of the original 3.3 million hectares of 
indigenous grasslands have been converted to non-indigenous 
land cover type in the last 168 years. More subtle forms of 
degradation of indigenous species habitat, which we did not 
measure here, are also likely to be ongoing as well as more 
widespread.
Within our study area, more non-arable land (as defined 
by Land Use Capability in the New Zealand Land Resource 
Inventory; Newsome et al. 2000) has been converted in the 
last two decades than in the period before 1990. This land is 
generally at mid- to low-elevation, and is characterised by gentle 
Figure 4. Grassland conversion and remaining indigenous grasslands within the ‘Threatened Environment Classification’ categories of 
Walker et al. (2006). (a) percentage 1840 grasslands remaining and converted to date; (b) area of grasslands in 1840, remaining in 2008, 
and converted to date; (c) area converted from 1990 to 2008.
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to moderate slopes, summer droughts, extreme winter and 
summer temperatures, high winds, and limited annual rainfall. 
Many of the soils that support these grasslands are relatively 
infertile or porous and erosion-prone, with degraded vegetation 
cover (due to overgrazing by rabbits and livestock) (Hewitt 
1998). The pattern suggests a trend in grassland conversion 
from more productive to more marginal land over time.
Although several national inventories of remaining 
indigenous grasslands have been completed in recent years, 
these have relied on national land cover databases (LCDB). 
Specifically, use of LCDB1 (Mark & McLennan 2005), or 
comparisons of LCDB1 and LCDB2 (Walker et al. 2006), 
have led to underestimates of grassland conversion. For 
example, comparisons of LCDB1 and LCDB2 suggest that 
between 1996 and 2001 there were 2486 ha of change from 
tall-tussock grasslands to a non-indigenous cover class, for 
the entire country (Walker et al. 2006). We found there to be 
twice as much as this, within our study area alone, by 2001. 
Furthermore, Mark and McLennan (2005) estimated, based 
on LCDB2, that 77% and 82% of tussock grasslands remained 
in the Mackenzie and Waitaki EDs, respectively, in 2002, but 
our data suggest these were overestimates and that about 7% 
more conversion had actually taken place in each of these 
districts by 2002.
Although our findings confirm the limitations in the LCDB 
for detecting changes in grasslands noted by Walker et al. 
(2006), they suggest the LCDB2-based threatened environment 
classification is nevertheless a reasonably robust predictor of 
both past loss and recent conversion of South Island indigenous 
grasslands. Both past and recent conversion rates decrease 
across the six categories of ‘threatened environment’, with 
grassland conversion in the first three categories accounting 
for a high percentage (74%) of all grassland conversion in 
our study area between 1990 and 2008. As rates of grassland 
conversion on non-arable land increase, the remaining 
indigenous grasslands in intermediate ‘threatened environment’ 
categories (e.g. 3. At Risk and 4. Critically Underprotected 
environments) are likely to become increasingly vulnerable 
to conversion.
Limitations in the LCDB grassland classes are explained 
by technical difficulties associated with automatic detection 
of change in non-woody vegetation (Dymond et al. 2006). 
135Weeks et al.: Indigenous grassland conversion
Although higher resolution satellite data are now available 
and permit more accurate interpretations of land cover, 
measurements of grassland conversion will likely remain 
variable unless: (1) a more universally accepted set of 
definitions of grasslands is established, and (2) there is greater 
consistency in methods used to determine boundaries between 
forests and grasslands, and agricultural land/permanent pasture 
and grasslands. We suggest improvements in estimates of 
grassland land cover and conversion, and better representation 
of the heterogeneity of grasslands types, could be made by 
defining classes based on the structure and floristic composition 
of the vegetation rather than land uses (i.e. low-producing 
grasslands). Grassland classes should be defined using robust 
field sampling to establish the biotic component of the class 
(Newsome 1987), and be complemented by remote sensing 
technology that matches spectral signatures with each grassland 
class (Ferreira et al. 2003).
Types and rates of conversion
Our results suggest a trend towards intensification per hectare 
of land, within the South Island indigenous grasslands, and 
particularly towards more productive pasture. Two-thirds of the 
conversion we recorded between 1990 and 2008 was to exotic 
pasture. Methods of conversion usually involve oversowing 
with legume species (mostly white clover Trifolium repens) and 
exotic grass forage species, often accompanied by installation of 
irrigation infrastructure and increased application of fertilisers 
to attain desired productivity levels. The rate of this type of 
conversion has increased noticeably in the last decade.
Although we did not address the causes in our study, it 
seems likely that the driving forces for the types and increase 
in rate of land conversion are linked to growing international 
demand for products of New Zealand’s high-value, more 
customised primary industries. In particular, land-based 
primary industries (dairying) have recently expanded and 
increased production nationally (MAF 2003). To enable 
estimates of the extent and location of future conversion, 
it may be helpful to identify the economic drivers of land 
conversion in the South Island more precisely, for example 
by modelling the economic structural process that underlies 
land-use changes (Veldkamp & Lambin 2001). Most case 
studies highlight the importance of policies in driving land use 
change (Lambin et al. 2001). The current spatial distribution 
of grassland conversion might also be better explained by 
modelling the underlying temporal dynamic processes and 
spatial interactions associated with economic agents (Irwin 
& Geoghegan 2001).
Incremental cumulative loss 
While our study recorded recent loss of grasslands to intensive 
land use throughout our South Island study area, most of the 
change was found in three administrative districts: Waitaki, 
Mackenzie, and Central Otago. The most noticeable increases 
in the rate of conversion were in the Waitaki and Mackenzie 
districts, where the rate of land conversion doubled in the last 
decade. Most individual conversions were incremental and less 
than 140 ha in size, yet over the long term their cumulative 
effect was significant, particularly when combined with the 
few larger developments, such as the individual conversions 
of between 2000 and 5500 ha recorded in the Waitaki District.
In addition to loss of habitat for indigenous grassland 
species, an important cumulative effect of multiple incremental 
changes in land use and land management practices may be 
further fragmentation of the landscape, which in turn could be 
linked to changes in the attributes of biodiversity (Bascompte 
& Sole1996, Fahrig 2003, Weiner et al. 2011, ). Small-scale 
conversions, along with the building of roads, fences, power 
lines and other infrastructure, provide opportunities for semi-
natural vegetation to develop and form a network of corridors 
that facilitate dispersal of organisms, such as invasive exotic 
species, throughout the landscape. Such changes could lead 
not only to increased weed and pest invasion of remaining 
indigenous grasslands, but also to modification of ecosystem 
processes, including changes in decomposition rates, transfer 
of nutrients and soil erosion (Duncan et al. 2001, Wolters 
et al. 2000).
Our results suggest the scale of grassland conversion 
is such that the cumulative effects of land intensification 
on biodiversity loss and ecosystem services deserve greater 
attention in planning decisions under the Resource Management 
Act 1991 (RMA). At present, land clearance and other resource-
use decisions associated with grassland conversion are usually 
assessed on a case-by-case basis (Heitzmann 2007). There may 
be a need to complement such decisions with regulatory limits, 
for example, that take into account the cumulative effects of 
land intensification on biodiversity loss and ecosystem services.
Need for increased protection
Despite substantial improvements in the reporting and analysis 
of grassland land conversion, there remains a major and 
widespread disparity between habitat loss and protection. 
The lack of protection of New Zealand’s most threatened 
environments exemplifies this global trend. Recent grassland 
conversion is concentrated in environments that are poorly 
protected and with less than 30% of the total land environment 
remaining in indigenous cover. Though New Zealand has a 
much greater proportion of protected grasslands than most 
countries, there continues to be inadequate representation 
of the full range of indigenous grassland biodiversity (Mark 
et al. 2009) in the more threatened environments. The extent 
of remaining indigenous grasslands here still provides 
opportunity for New Zealand to make a major contribution 
to the conservation of global grassland biodiversity. Perhaps 
the best remaining opportunities to protect these grassland 
habitats exist where the government land reform (tenure 
review) process continues.
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Appendix 1. Land cover classes used for the 1990 base map. Classes and descriptions adapted from Ecosat 1990 (Dymond 
& Shepherd 2004) and New Zealand Land Resource Information (NZLRI) (Newsome et al. 2000).
__________________________________________________________________________________________________________________________________________________________________ 
Land cover Class Description
__________________________________________________________________________________________________________________________________________________________________
Forest Indigenous forest Tall or short forest (>30% cover)
 Planted forest Radiata pine, Douglas-fir, eucalypts, or other planted forestry tree   
  species
  Roads/tracks within forest area
  Invasive exotic trees
  Shelterbelts
  
Grassland Non-indigenous grassland Grassland dominated by exotic species (Lolium, Trifolium and   
  Agrostis species)
 Indigenous grassland Low-fertility grasses on hill country 
  Grasslands dominated by indigenous species (Festuca, Poa and   
  Chionochloa species)
  
Cropland Cropland-perennial Orchards
  Vineyards
 Cropland-annual crops All annual crops
  Cultivated bare ground
  
Settlements Settlements Built-up areas and impervious surfaces
  
Bare ground Other land cover Montane rock/scree
  Largely bare soil (if not cropland)
  Roads
  Open-pit mines
  Any other remaining land
  
Water Open water Rivers, riverbeds, streams, ponds, natural lakes
  Man-made lakes and reservoirs
  
Shrubland Native or exotic shrub Broadleaved hardwood shrubland, mānuka/kānuka shrubland, and   
  other woody shrubland (>30% cover)
  Matagouri and sweet briar
  
Wetland Vegetated non-forest Herbaceous and/or non-forest woody vegetation: periodically flooded
  Estuarine/tidal areas
__________________________________________________________________________________________________________________________________________________________________
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Appendix 2. Description of non-indigenous land cover types.
__________________________________________________________________________________________________________________________________________________________________
Land cover type Sub-type Description
__________________________________________________________________________________________________________________________________________________________________
Afforestation Planted forest Radiata pine, Douglas-fir or other planted forestry species
 Invasive exotic forest Wilding (not intentionally planted), radiata pine,
  Douglas-fir, or other forestry tree species
  
Agriculture Exotic pasture Grasslands with non-indigenous species (rye grass, clover, brown top,  
  sweet vernal, Timothy, Yorkshire fog )
 Cropland Perennial and annual crops including cultivated bare ground
  
Barren land Settlement Built-up areas and impervious surfaces; grasslands with settlements   
  including recreational areas
 Open-pit mining Open-pit mining
__________________________________________________________________________________________________________________________________________________________________
Appendix 3. Example of oblique aerial photographs used to confirm mapped land-use classifications: (a) SPOT-5 imagery 
taken in the summer of 2007/08 (10-m resolution), using band combinations XS3, SWIR, and XS2 to show the spectral 
signature of an irrigated pasture, and (b) corresponding oblique photo taken in the summer of 2009 at 2000 m above sea 
level, using a Canon A640 7.1 megapixel compact camera. Image (a) shows high-productivity ‘exotic pasture’ (orange-red 
colour) readily distinguishable from lower-productivity ‘indigenous grassland’ (aqua blue) and bare soil (light blue). Image 
(b) shows the corresponding natural colours.
(a) (b) 
Appendix 4. Threatened Environment categories and descriptions adapted from  
Walker et al. (2006, table 1).
__________________________________________________________________________________________________________________________________________________________________
Category Criteria Category name
__________________________________________________________________________________________________________________________________________________________________
1 <10% indigenous cover left Acutely Threatened
2 10–20% left Chronically Threatened
3 20–30% left At Risk
4 >30% left and <10% protected Critically Underprotected
5 >30% left and 10–20% protected Underprotected
6 >30% left and >20% protected Less reduced and better protected
__________________________________________________________________________________________________________________________________________________________________
